We used Fourier transform infrared (FT-IR) miaosoopic mapping techniques to i n d g a t e the infiitration of polymethyl methacrylate (PMMA), a widely used medium for embedding biological tissues, into rat femur sections. Monitoring of the infrared absorbances of the PMMA carbonyl stretch, the protein amide I, and the apatite mineral phosphate stretch over a 225 x 975-pm region of the epiphyseal growth plate region of the rat femur enabled comparison of the relative amount of each component in distinct regions of the
Introduction
Polymethyl methacrylate (PMMA) is a widely used support medium for the embedding of intact, undecalcified bone. Its hardness makes it ideal for calcified tissue sectioning and subsequent histological examination (15) . Many studies have sought the optimal conditions for the embedding of tissues in PMMA, and several methods of sample preparation have been reported (3, 5, 14, 17) . Important questions arise as to the nature of the interaction of PMMA with the tissue components, the extent of penetration into various regions of the tissue, and the effect of methacrylate polymerization on the structure of the tissue components. It is well known that the exothermal nature of the polymerization process may damage certain enzyme systems (17) , prompting the development of low-temperature polymerization procedures (3, 10, 18) . Even with low-temperature polymerizations, changes in the mineral structure may occur.
Previous work on the penetration of methacrylate into calcified tissues has concluded that infiltration is limited by water bound to hydroxyapatite crystals and to the organic matrix, and that methacrylate is almost completely absent in the intercellular compartment of the bone tissue (2 tissue. It was found that PMMA penetrates less into regions of greater mineral density and that the frequency of the PMMA carbonyl absorbance h m the embedded tissue, 1729 un-', is identical to the free PMMA carbonyl frequenq. This is consistent with a diffusion mechanism of infiltration of the PMMA, with no specific chemical interaction between the PMMA and the tissue components. and vacuum infiltration (9) may enhance the methacrylate infiltration process.
The extensive use of methacrylates in the field of restorative dentistry and orthopedic implants has spurred many studies on the adsorption of these and other polymers to biological and synthetic hydroxyapatite, the major mineral component of bone and teeth (1, 12, 13, 16) , leading to the conclusion that PMMA binds more strongly to the mineral than to the protein components of the tissues, via hydrogen bonds (1J9). However, the interaction of PMMA with the components of embedded calcified tissues does not necessarily parallel this result. In fact, the interactions of PMMA with the mineral or protein components of bone have not yet been extensively evaluated. The lack of suitable techniques for evaluation of the structure of molecular constituents and changes in the structure of these constituents at the microscopic level has been an impediment to progress. Infrared (IR) spectroscopy is well suited to the identification of the molecular structure of tissue components. The coupling of an IR spectrometer to an optical microscope adds the capability to define molecular structures in tissues (11) at a spatial resolution down to the IR difftaction limit (i.e., about 15 pm). In the present work we have utilized Fourier transform infrared (ET-IR) microscopy to map the penetration of PMMA into distinct areas of the rat femur epiphyseal growth plate, the region where cartilage is replaced by bone (4) . Owing to the rapid spatial variation of the protein and mineral components, this specimen also proved useful for investigating the interaction between PMMA and the constituents of calcified tissues.
Materials and Methods
Specimen Preparation. Femurs were obtained from 35-day-old male Sprague-Dawley rats and were fixed in 70% ethanol for 1-2 days. The samples were then dehydrated by soaking for (a) 48 hr with two repeated changes of 100% ethanol, (b) 24 hr in equal parts ethanolluncleaned methacrylate monomer, and (c) 48 hr in two changes of uncleaned monomer. They were then embedded in partially polymerized, uncleaned methyl methacrylate monomer (Polysciences; Warrington, PA) at 4°C for 2 days. followed by polymerization at room temperature for approximately 1 week. Sagittal sections ( 5 pm) were cut on a Jung Model K microtome (Heidelberg, Germany). Embedded rat femur sections were soaked in methyl acetate to dissolve the bulk of the PMMA, rinsed in ethanol, dried, and placed between two barium fluoride windows before FT-IR microscopic investigation.
IT-IR Microscopy. FT-IR spectra were recorded with the IRps molecular microspectrometer system (Spectra-Tech; Stamford, CT). equipped with a high-sensitivity mercury cadmium telluride (MCT) detector. The objective used for the spectral measurements was the x I5 0.58 NA Reflachromat lens. Infrared spectra were recorded at 4 cm-' spectral resolution, with 250 interferograms co-added and apodized with a triangular function.
The FT-IR microscopic mapping of the tissue section was obtained by point-to-point acquisition of data at the spatial resolution achieved with a 75-pm diameter aperture. Sample positioning was achieved with the IRps motorized x-y stage, under computer control. Spectra were acquired from a rectangular region approximately 225 pm x 975 pm in the rat femur epiphysis and metaphysis (see Figures 1 and 2 ). beginning at the hypertrophic zone, continuing through the zone of calcified cartilage, and ending in the metaphysis, where the spongy (trabecular) bone is formed (Figures 2 and 3) .
Results
The major mineral component of bone is a poorly crystalline carbonate-containing analogue of hydroxyapatite (Caio(PO&-(OH)2) (7) . The IR absorbance from the overlapped bands of the phosphate symmetric and anti-symmetric stretching modes of the apatite appears as a broad spectral feature from 900-1200 cm-' ( cm-', respectively. The relative intensity of the mineral and protein bands is an accurate measure of the mineral-to-protein ratio in the sample (manuscript in preparation). Finally, the relative levels of residual PMMA in the rat femur were monitored from the intensity of the sharp carbonyl absorbance bands near 1729 cm-I (Figure 3) . Figures 3 , 4, and 5 show how the spatial variations in the relative amount of each component change over the growth plate and metaphyseal bone regions. Representative IR spectra from the hypertrophic zone, the calcified cartilage region, and the trabecular bone can be seen in Figure 4 . It is clear that there is significantly less PMMA penetrating into regions of greater mineral density. The spatial variation in the levels of PMMA, protein, and bone apatite as a function of depth from the top of the growth plate are shown in although there is rapid spatial fluctuation further into the growth plate. Finally, Figure 6 shows that the ratio of PMMA absorbance to protein absorbance also decreases in regions of higher protein content, although not as dramatically as the PMMA-to-mineral ratio.
Discussion
If the PMMA is assumed to infiltrate the tissue without chemical interaction with tissue components, the band intensities shown in Figure 5 directly show that it is easier for the PMMA to penetrate into the non-mineralized region of the tissue. The assumption and conclusion are both eminently reasonable, since the non-mineralized regions are less dense than the apatite-containing regions, thereby facilitating diffusion of the PMMA precursors. Similarly, the higher PMMA content of the less mineralized bone may be related to the increased porosity of the tissue. In addition, it may be more difficult to remove the PMMA (by dissolution in methyl acetate) from the non-mineralized regions of the tissue, because of the greater penetration of the PMMA in this region. If, in contrast, hydrogen bonding between the PMMA and the protein and mineral components of the tissue is assumed to occur, a 20-30 cm-l shift in the frequency of the PMMA carbonyl absorbance should be observed (6) . In fact, the unbound PMMA carbonyl absorbance occurs at 1729 cm-l @), which is identical to the frequency observed in the embedded tissue.
On the basis of this study and the earlier work of Fontana and Thomas (6) , it is reasonable to conclude that during the embedding process, infiltration of the PMMA into the calcified tissue via diffusion mechanisms without substantial chemical bonding is its major mode of interaction. Since PMMA infiltrates more readily into the organic portion of tissue, structural changes in the mineral phase as a result of the interaction of the PMMA with the mineral components should be minimal. However, further studies are neces- sary to determine the effects of the embedding process on the molecular structure of both the mineral and protein components of bone. Such studies, involving detailed spectroscopic analysis of the phosphate v3 and the protein amide I and I1 bands, are currently under way.
